Many species of zooplankton are traditionally considered to be herbivores despite their ability to capture nonphotosynthetic microorganisms. Several recent studies indicate that protozoa are ingested by crustacean zooplankton, but an important aspect of these trophic interactions that has generally been overlooked is the contribution of heterotrophic food organisms to growth and(or) reproduction.
As major planktonic consumers of bacteria and chroococcoid cyanobacteria, protozoa are likely conduits between picoplankton and zooplankton biomass (e.g. Porter et al. 1985) . Several recent investigations have focused on the ability of freshwater zooplankton to capture protozoa (Porter et al. 1979; Sanders and Porter 1990; Jack and Gilbert 1993) or on the impacts of predation on protozoan populations (e.g. Carrick et al. 199 1; Pace and Funke 199 1; Wickham and Gilbert 199 1; Jack and Gilbert 1994) . Little is known, however, about the quality of protozoa as food. Zooplankton predation rates on protozoa are often high (e.g. Porter et al. 1979; Jack and Gilbert 1993; Sanders et al. 1994) , and high ingestion rates can reflect the superior quality of the food source. For example, some zooplankton have higher feeding rates on good quality algal food (i.e. high N or P content) than on poor quality algae (Butler et al. 1989; Sterner and Smith 1993 ). In contrast, high feeding rates have also been observed for Daphnia feeding in lakes where most of the available particulate matter was low quality refractory detritus (Hessen et al. 1989) . Herbivorous insects also commonly increase food intake when feeding on plants with poor nutrient content (Mattson 1980; Slansky and Wheeler 1989) . Thus, high predation rates on protozoa are not in themselves a guarantee that the protozoa are high quality food. Nevertheless, protozoa are likely to be an important alternative food resource for zooplankton when phytoplankton abundances are low or when 1295 phytoplankton quality is reduced (e.g. during periods of nutrient limitation).
The principal objective of our study was to determine the value of protozoa as a food source for zooplankton.
Because a high quality food should contribute to survival, growth, and reproduction, we compared the reproductive responses of two co-occurring crustacean zooplankters when a small quantity of phytoplankton was supplemented with protozoa or additional phytoplankton.
Using production of viable young as a metric, we demonstrate that equivalent reproduction can be obtained with similar amounts (dry weight) of protozoan and algal foods. However, two protozoan species differed in food quality for both crustaceans, and the same protozoan species that was of high nutritive value for a cladoceran crustacean (Daphnia pulicaria) contributed little to reproduction in a co-occurring copepod (Diaptomus oregonensis). Reproductive parameters were not predictable from the nutrient content of the prey or from the total amount of carbon, nitrogen, and phosphorus ingested.
Methods
Cultures and elemental analyses -The crustacean species used in the experiments, D. pulicaria and D. oregonensis, were isolated from Lake Waynewood, Pennsylvania. The alga culture of Cryptomonas reflexa (WCR) originated from Whitewater Pond (Williamson et al. 1985) . Stock cultures of zooplankton were maintained on a diet of C. reflexa (strain WCR) in 0.2-pm-filtered spring water. Pretreatment food levels for the Daphnia and Diaptomus used in the experiments were 400 and 1,000 Cryptomonas cells ml-l. Cryptomonas was grown in a modified MBL medium (Williamson and Butler 1987) . The heterotrophic nanoflagellate (HNAN) Paraphysomonas vestita (CCAP no. 935/ 14), the ciliate Cyclidium sp. (ATCC no. 30701), and a mixed bacteria assemblage (originally isolated from the above protozoan cultures) were grown in Cerophyll medium 802 (Am. Type Culture Collect. 199 1). All the food organisms were within a size range that the crustaceans could capture: Cryptomonas (12 x 32 x 4 pm), Paraphysomonas (7 pm), Cyclidium (11 x 20 pm), and bacteria (1 x 3.5 pm).
Carbon and nitrogen contents of the bacteria, alga, ciliate, and heterotrophic flagellates were determined from samples retained on precombusted Whatman glass-fiber filters (GF/F, 0.7 pm) and analyzed with a Perkin-Elmer 2400 CHN elemental analyzer. Phosphorus contents were determined. spectrophotometrically as total phosphorus after filters with microorganisms were oxidized in persulfate to release organic phosphorus as inorganic phosphate (Parsons et al. 1984) . Bacterial concentrations in the protistan cultures used to determine elemental compositions were minimized by using cultures in the later stages of exponential growth (when bacterial abundances were low dlue to bacterivory) and were further reduced by centrifugation. The elemental compositions of the protozoa were corrected for remaining bacteria retained on the filters by using the elemental composition (per unit volume) of bacteria grown in the same media without protozoa. EIlanks and standards were used for all chemical analyses, and all measures were made in quadruplicate.
Reproduction experiments -The experiments with Daphnia and Diaptomus had similar overall designs. Reproductive output was monitored in the presence of a relatively low concentration of an algal food known to support reproduction (C. reflexa) and in treatments with the Crypto.monas augmented with algal or nonalgal food. For Diaptomus, but not for Daphnia, the algal density in the low algae treatment was below the threshold for reproduction. The dietary supplements were a mixed-species bacterial assemblage; a heterotrophic nanoflagellate (HNAN), Paraphysomonas vestita; a ciliate, Cyclidium sp.; and adiditional Cryptomonas (high algae). The density of algae us'ed in the high algae treatment was chosen to ensure goold reproduction, and supplements with protozoa were calculated to have dry weights similar to that expected for the high algae treatment. The bacterial assemblage in the bacteria treatment was the same used to culture and maintain the protozoa during the experiment. All food items were harvested from batch cultures that were in exponential growth phase. Food abundance in each treatment was kept constant during the whole experimenta.1 period for Daphnia but was varied after a period of 6 d for Diaptomus (Table 1 ). All cultures and experiments were kept at 20°C with a 16 : 8 L/D cycle. Light intensity during the experiments remained low (< 10 PEinst mm2 s-l) and diffuse in the grazing chambers to prevent behavioral concentration of the motile algae (see below').
To separate the protozoa from the Cerophyll growth medium, we initially passed the cultures through a 35 pm nylon mesh, then centrifuged them in 250-ml bottles at 5,000 rpm for 30 min in a refrigerated (5°C) Sorval centrifuge and resuspended them in the sterile spring water. Bacteria were concentrated by centrifugation at 9,000 r-pm for 30 min. Cr.yptomonas was behaviorally concentrated by its attraction to a strong light source and removed by pipet. Microorganisms from these concentrates were enumerated and then diluted with the appropriate amount of spring water to make up the experimental food mixtures.
The design of the apparatus used in the reproductive experiments and the total food abundances differed for Daphnia and Diaptomus because of differences in size, mobility, feeding rates, and reproductive strategies. We adapted methods that we previously had determined as appropriate for each species. We transferred single adult Daphnia into 15 replicate 300-ml BOD bottles for each treatment and incubated them on a plankton wheel. The use of only one animal per bottle assured that the initial food levels were not depleted between water changes. We transferred Daphnia to fresh food every 48 h until four broods were produced (-8 d) . During each food change, neonates were removed and counted, and dissolved oxygen was measured with a YSI meter. When the experiment ended, viable eggs and embryos were counted and included as fourth brood young for the animals that had released only three broods. The first brood of young produced by each adult was excluded from analyses to reduce potential bias due to pretreatment food levels. Daphnia adults were rinsed, dried at 60" C, and weighed on a Cahn electrobalance (model 4700). Due to respiration exceeding algal production of oxygen in the heterotrophic flagellate supplement, the dissolved oxygen in the stoppered BOD bottles of this treatment dropped to < 5 ppm. The low oxygen had a negative affect on both adult and young Daphnia, and the experimental set-up was modified by using beakers covered with watch glasses to allow equilibration of gases. The baseline algal (control) and the HF supplement treatments were repeated with this modification.
A flowthrough feeding system (modified after Williamson et al. 198 5; Williamson and Butler 1987) was used for the Diaptomus reproduction experiment. One adult female copepod was held with two adult males in each of 16 replicate 13-ml chambers with 202~pm-mesh bottoms. Suspended food was delivered to each 13-ml inner chamber at a rate of 130 ml d-l, flowed through to individual outer chambers, and finally overflowed the outer chamber through a 60-pm mesh that prevented escape of nauplii. Food reservoirs were changed daily. The reproductive phases and numbers of eggs or nauplii released were scored every 24 h for each individual female throughout the production of sequential clutches. The reproductive phases were scored as ovigerous (0), gravid (G), both gravid and ovigerous (B), and neither gravid nor ovigerous (N) (Williamson and Butler 1987) . These data were used to calculate eggs female-l d-l (giving equal weight to each female), plus mean clutch size and interclutch duration for females producing young. Both nauplii and resting eggs were considered to be viable young. The first clutch that each female produced after a 2-d preexposure to experimental conditions was excluded from analyses to remove bias from pretreatment food levels. When reproductive trends were evident after day 6, the food mixtures of several treatments were altered (Table  1) . Algae were eliminated in the protozoan'treatments, while algal and bacterial abundances were increased in the bacterial treatment. After day 11, algae were no longer present in the bacterial treatment.
The elemental contents of different food types were used in conjunction with grazing rates determined in mixtures of each type of food (see below) to estimate the amounts of carbon, nitrogen, and phosphorus ingested in each treatment of the reproduction experiments.
Grazing rate determinations-Feeding rates of D. pulicaria and D. oregonensis in the various prey mixtures were determined separately from reproduction. This was necessary because the feeding experiments required several adult animals to reduce the abundance of prey items relative to controls, and the reproduction experiments required the presence of single females with enough food to prevent excessive depletion between food changes. Grazing rates in three of the prey suspensions (baseline Cryptomonas, Cryptomonas + ciliates, and Cryptomonas + HNAN) were determined by the method of Frost (1972) . For each species-treatment combination, five replicate screwtop bottles (160 and 125 ml for Daphnia and Diaptomus, respectively) were filled halfway with stock suspensions made up to the same concentrations as in the reproduction experiments (see below). Three adult Daphnia or -15 adult Diaptomus (mixed males and females) were transferred into each bottle. There was no evidence of crowding effects under these conditions, and in experiments in which fewer individuals of these zooplankton species were incubated, prey densities were not reduced enough to calculate grazing rates (Williamson et al. 1996) . The bottles were then topped off and capped with care to ensure that no air bubbles were trapped. For each food treatment, five replicate bottles without crustaceans (controls) were used to measure the growth of protists in the absence of grazing. All bottles were incubated on a plankton wheel for 24 h under the same conditions used for the reproduction experiments. Samples for initial prey concentrations were taken from each stock mixture and preserved in acidic Lugol's iodine (algal and protozoan counts) or 2% Formalin (bacteria). After 24 h, samples from each replicate were preserved as above and the crustaceans were retained, dried at 60°C for > 48 h, and weighed on a Cahn model 4700 electrobalance.
Bacterial ingestion was determined by the addition of fluorescently labeled bacteria (FLB, Sherr et al. 1987 ) at tracer amounts (5 x 1 O5 FLB ml-l) to the baseline Cryptomonas plus bacterial assemblage mixture. The FLB were -1 x 2.5 pm and within the size range of the live bacteria in this treatment and those cultured for the bacteria supplement in the reproduction experiments. Crustaceans were acclimated to the experimental conditions for 30
Cryptomonas Paraphysomonas Cyclidium Bacteria Fig. 1 . Nutrient content (fg mineral pm-') of algae and protists offered as food in the zooplankton reproduction experiments. Note that the range of carbon content was 178-345 fg C pm-3. min, after which FLB were added and the animals allowed to feed. Fifteen minutes after addition of the FLB, the animals were captured on a sieve, anesthetized and rinsed by dipping in carbonated spring water, and fixed with 10% sucrose Formalin. The length of fixed animals was determined microscopically, and the mass was calculated from previously determined regressions of length (pm) vs. dry weight (pg) for these species (Williamson and Sanders unpubl. Animals were then placed in sterile water and sonicated with three 10-s bursts from a Branson cell disrupter 200 (King et al. 199 1) . The total volume of water was then rinsed and filtered onto 0.2~pm black Nuclepore filters and enumerated with epifluorescence microscopy. Ingestion and clearance rates on bacteria were calculated from the number of FLB ingested and the ratio of FLB to total bacteria in the feeding suspension with the assumption that FLB and bacteria were ingested nonselectively.
Data analysis -Differences in elemental composition between different food types were analyzed by one-way ANOVA and Tukey multiple-comparison test. Differences in reproduction by Daphnia and by Diaptomus in each food treatment were also determined with ANOVA and Tukey tests with transformed data [In (viable young + l)]. Regression analyses were performed on transformed data [In (X + l)] to examine the relationships of available food, ingested food, and young produced for both crustacean species.
Results
Elemental contents of microbial food-On a per cell basis, the three protists used as food stock had carbon, nitrogen, and phosphorus contents within a factor of 4-6, but the elemental contents of bacteria cells were much lower. This was expected due to the large differences in cell sizes. However, the ciliate, Cyclidium, contained a greater amount of C, N, and P per cell than the larger alga, Cryptomonas. Food stock nutrient contents per unit biovolume (fg pm-3) were closer than those per cell, but the ciliate, HNAN, and bacteria were enriched in P and N compared to the alga (Fig. 1) . The HNAN had the highest per volume C, N, and P contents (343 fg C pm-3, 61 fg N pm-3, and 11 fg P pm-3) of any of the food organisms. On a biovolume basis, the HNAN had significantly more C, N, and P than the alga (P < 0.01) and significantly more N and P than the ciliate (P < 0.05) and bacteria (P < 0.01). The ciliate had a significantly greater N and P content per unit biovolume than the alga (P < 0.05): but not than the bacteria.
The ratios of C to N and P for the food sources are within the ranges reported from several other studies (e.g. Bratbak 1985; Goldman et al. 1987; Putt and Stoecker 1989) . The ratio of C : N ranged from 5.6 (bacteria) to 8.0 (alga) by atom and differed less between food types than did the ratio of C : P (77-l 42). The ratio of C : P may be generally more susceptible to variation than the C : N ratio; in previous studies, the C : N ratios of single species of protists and bacteria changed when cultured under different conditions of nutrient limitation, but C : N varied less than C : P (Bratbak 1985; Goldman et al. 1987 ).
Ingestion and reproduction by Daphnia-Ingestion of the different food sources by D. pulicaria varied greatly within and between treatments. The amount of algae present in the protozoa treatments and low algae (control) treatments was identical, but ingestion of algal C was reduced in the presence of protozoa by 47-60% relative to that in the low algae treatment. Ingestion of algal C was the greatest in the high algae treatment (>850 algal cells Daphnia-l h-l), but total C intake was much higher in the protozoa treatments (Table 2) . Daphnia ingestion of C, N, and P from all food sources combined (Fig. 2) was greates.t in the Paraphysomonas (HNAN) treatment (235 algal cells plus > lo4 HNAN Daphnia-l h-l) and least in the low algae treatment (420 algal cells Daphnia-l h-l). In the ciliate treatment, ingestion averaged 165 algal cells plus 730 ciliates Daphnia-l h-l. The higher food intake in the protozoa treatments was probably due in part to the greater abundance of available food, but i:ngestion did not directly reflect the available food biomass. Across all treatments, 46% of the variance in ingestion was explained by food concentration when bacteria were excluded from the analysis vs. only 38% when bacteria were included. The total carbon biomass of potential foods was 3 1 and 13 1% greater in the HNAN and ciliate treatments than that in the high algal treatment. Despite the intermediate abundance of food in the HNAN treatment, ingestion [as ng C (pg Daphnia dry w-t)-' h-l] was more than four times greater than in the high algae treatment and more than twice that in the ciliate treatment. The ratio of HNAN ingested to HNAN available was larger than the ratio of algae ingested to algae available in any of the treatments, which suggests Herbivorous plankton and microbial food * Same as days l-6. Prey abundances were not changed during the experiment. f Algae were removed after day 11; total ingestion after day 11 was calculated to be 78.1 and 7 1.8 ng C (pg dry wt)-l h-l, including and excluding bacteria, respectively.
selective feeding on the HNAN cells. Discrimination between available food types has previously been observed for D. pulicaria and other daphnids (e.g. DeMott 1985; Bern 1990 ) and probably was due to the zooplankters' ability to capture some sizes of prey better than others.
Bacterial C made up 5-9% of the total C ingested by Daphnia in the algal and HNAN treatments but accounted for 27% of the ingested C in the ciliate treatment and 58% in the bacteria treatment. Less than 10% of the N and P ingested by Daphnia was from bacteria cells in the algal and HNAN treatments. Due to the high nutrient content of bacterial cells, 33% of the N and 39% of the P that Daphnia ingested in the ciliate treatment was in the form of bacteria, and bacteria accounted for > 80% of the N and P captured in the bacteria treatment.
Daphnia reproduced in all treatments throughout the experiment. The treatments ranked in order of reproductive output (cumulative young, average clutch size, and final clutch size) were low algae < bacteria < ciliate < high algae < HNAN (Table 3) . Food limitation was obvious in the low algae and added bacteria treatments, where the average adult dry weight was much less than in other treatments; these two treatments were also the only ones in which the final clutch size was not significantly greater than the average clutch size (Table 3) . Across treatments, the amount of available food explained 22 1299 (bacteria included) to 63% (bacteria excluded) of the variance in reproduction, but food availability did not correspond directly and significantly with reproductive output for Daphnia. There was a tendency for increased reproduction to correspond to an increase in total ingestion (Fig. 2 ), but the relationship was not statistically significant. Daphnia in the high algae treatment had greater numbers of young but ingested less C, N, and P than animals in treatments with either added bacteria or added ciliates (Fig. 2 ).
Ingestion and reproduction by Diaptomus-D. oregonensis ingested all of the offered food types. Ingestion rates ranged from 40 to > 200 algal cells, 100 to > 7,000 HNAN, and 300 to 800 ciliates Diaptomus-' h-l. Algae, bacteria, and HNAN were present in all treatments but varied considerably in abundance between treatments (Table 1) . Consequently, these food types contributed distinctly different amounts of dietary C to Diaptomus in each treatm.ent. In the two algal treatments, the bulk of the diet consisted of the alga, Cryptomonas. However, HNAN accounted for 29 and 23% of the ingested C in the low and high algae treatments, respectively (Table 2) , and slightly more of the ingested N and P was attributable to ingestion of HNAN due to their lower C : N and C : P ratios. Bacteria were a minor part of the diet in the two algal treatments. The total dietary intake of C, N, and P was lower in the two algal treatments than in any other treatment (Fig. 3) . In the bacterial treatment, bacteria were the major source of C for Diaptomus during days l-6 (Table 2) . After day 6, the abundance of algae in this treatment was increased to an amount similar to that in the high algae treatment. The abundance of HNAN also was much greater in the bacterial treatment after day 6 than in any other treatment (Tables 1, 2 ). During this period of high bacterial, algal, and HNAN abundance (days 6-l l), Diaptomus in the bacterial treatment ingested the greatest amount of C, N, and P determined for any treatment during the experiment (Table 2, Fig. 3 ). On day 11, the algae were eliminated from the bacterial treatment, but HNAN abundances were still high and HNAN remained the primary source of C for Diaptomus.
HNAN were the major source of dietary carbon in the HNAN treatment (Table 2) . During the first 6 d of the experiment, total intake of C, N, and P in the HNAN treatment 'was exceeded only in the ciliate treatment (Fig.  3B ). Algae were removed from the HNAN treatment after day 6, but the increase in HNAN abundance (28,000 flagellates ml-l) resulted in ingestion of total nutrients at rates that approached the highest determined in this experiment (Fig. 3B) .
Ciliates were the primary prey of Diaptomus in the ciliate treatment (Table 2) . Ingestion of ciliates accounted for > 70% of the C intake during the first 6 d and > 53% after day 6, when the abundances of ciliates were greatly reduced ( Table 1 ). The alga Cryptomonas was initially offered at abundances similar to that in the high algae treatment and was ingested at a much lower rate when the ciliates were present than in the high algae treatment ( Table 2 ). The remainder of the diet was attributed mostly to HNAN, especially after day 6, when algae were removed from the ciliate treatment. Total ingestion of nutrients in the ciliate treatment initially was similar to that observed in other treatments when HNAN dominated the prey biomass and remained high even after algae were removed from the ciliate treatment (Fig. 3) . Reproduction by Diaptomus was poor in three of the five treatments. No eggs were produced in the low algae treatment, and half of the experimental animals died by day 11 (Table 4 , Fig. 4 ). It was evident by day 6 that neither bacteria nor HNAN were contributing significantly to reproduction by Diaptomus. Only one female in the bacterial treatment produced viable young during the first 6 d. A second female became ovigerous during this period and produced resting eggs by day 8 (Fig. 4) . In the HNAN treatment, a maximum of six of the 16 females were either gravid or ovigerous during the first 6 d (Fig. 4) , and three of these produced primarily nonviable eggs. The average number of viable young (nauplii and resting eggs) produced through day 8 in the bacterial and HNAN treatments were one and two per female, respectively (Fig. 3A) .
All of the reproductive metrics calculated for Diaptomus in the high algae and ciliate treatments were better than for other treatments for the entire experimental period (Table 4) . Within the initial 8-d period, nearly all of the females in these two treatments were gravid, ovigerous, or both (Fig. 4) , and the average number of viable young produced during this period was five per female in the high algae treatment and > 19 per female in the ciliate treatment (Fig. 3A) . Reproduction in the high algae and ciliate treatments was greater during the last half of the experimental period (Fig, 3) . The high reproductive output in the ciliate treatment during the last 7 d came despite a reduction of the ciliate abundance and the refor any female.
moval of all algae after day 6. This highlights the suitability of the ciliates alone as prey for Diaptomus.
After examining the animals for reproductive stages at the end of day 6, changes were also made in the food stocks of the bacterial and HNAN treatments. Manipulation of these foods stocks served to further examine the value of HNAN as food. Algae were removed and HNAN abundance was increased in the HNAN treatment to test whether a higher amount of HNAN carbon would increase reproduction. The total number of gravid or ovigerous females in the HNAN treatment did not change substantially for several days after algae were eliminated (Fig. 4) , and the average number of young produced per female decreased (Fig. 3) . No female in the HNAN treatment produced more than one clutch, and the number of nonviable eggs was greater in this treatment than in any other (Table 4) . Four of the 16 females died in the HNAN treatment before the experiment ended (Fig. 4) .
Diaptomus in the bacterial treatment responded rapidly when algal abundance was increased after day 6; most of the females were either gravid or ovigerous by day 8 (Fig.  4) , and each female produced an average of nine viable young between days 9 and 13. HNAN abundance was kept high after algae were removed on day 11, but the response was a decrease in gravid and ovigerous females on days 14 and 15 (Fig. 4) , and only one viable young was produced per female. This complements the data from the HNAN treatment by indicating the relatively poor quality of this heterotrophic flagellate as food for Diaptomus.
Discussion
Species composition, abundance, and nutrient content of phytoplankton -a major food source for many zooplankton-typically vary both seasonally and with depth Fig. 4 . The number of female Diaptomus (phase frequency) that was in a given reproductive stage as defined by Williamson and Butler (1987) : gravid, oviduct full of visibly darkened mature oocytes; ovigerous, carrying eggs in an external ovisac. Arrows indicate changes in food concentrations (see Table 1 for details).
in the water column. Zooplankton are thus likely to experience long-term (seasonal) shifts in phytoplankton resources over their lifespans, some of which cause food limitation of reproduction. Short-term changes in resources will also be encountered if predation forces zooplankton to migrate vertically to depths where food quality and quantity are reduced (e.g. Williamson et al. 1996) . Protozoans are an alternative food source that might be of particular importance for zooplankton during the periods of reduced phytoplankton abundance. Ciliates and (or) HNAN could serve as a primary food source for zooplankton if protozoan abundances remain high during episodes of phytoplankton scarcity. Even if the protozoan and algal populations fall concurrently, the protozoans can supplement a low algal diet enough to allow survival or reproduction of zooplankton. In addition to the frequent high abundance of protozoans in pelagic communities, their biochemical compositions suggest a potentially high food quality. Although there is ample evidence that zooplankton can ingest protozoans, there is little direct evidence that protozoan food can support zooplankton reproduction. Our experiments demonstrate that protozoans can supplement algal food and contribute to the production of young in both of the major divisions of freshwater crustacean zooplankton (i.e. Copepoda and Cladocera).
Our results support the limited information available on the food value of protozoans for zooplankton. For example, Duphrria magna has been reported to have reproduced over five generations on a diet of ciliate (Tezuka 1974) . Daphnia ambigua also reproduced on a diet consisting solely ofheterotrophic flagellates, and Daphnia pulex usually had a higher I in the presence of ciliate and algae than on algae alone (Sanders and Porter 1990; Wickham et al. 1993) . However, D. magna either did not reproduce or had a very small intrinsic population growth rate (r) in food suspensions containing cilia& (DeBiase et al. 1990) . A carnivorous freshwater copepod, Acanthocyclops viridis, produced more young when fed mixed protozoa than when fed algae, but its fecundity was much greater on a diet of small zooplankton (Smyly 1970) . The marine copepod Acartia tonsa also produced more eggs per female in the presence of a large ciliate (Stoecker and Egloff 1987) . These data and the results of our experiments suggest that the compositions of both protistan and zooplankton communities are factors likely to determine the importance of protozoan food to crustaceans.
The degree of the reproductive response to the protozoan food sources differed for the two zooplankton species we examined. Egg production in the Daphnia generally increased with increasing amounts of available food and ingestion. The number of young per Daphnia increased relative to that in the low algae treatment when ciliate, heterotrophic flagellates, additional algae, or bacteria were added. More young were produced per unit biomass ingested in the high algal treatment than in any other treatment (Fig. 2) , which suggests that Cryptomonas, at least under nutrient replete conditions, may be a higher quality food for D. pulicaria than either of the protozoans. However, protozoans are likely to be a food as good or better than some algae; the differences in reproductive success of Daphnia in our experiments are no greater than the differences observed for daphnids when different algal diets were compared (DeBiase et al. 1990; Matveev and Balseiro 1990; Naylor et al. 1992 ).
The differences in food quality were more distinct for the copepod Diaptomus. As with Daphnia, the largest number of viable young produced per unit of ingested biomass was observed in the high algal treatment. However, Diaptomus did not require algae, and the total number of young copepods produced was greatest in the ciliate treatment. The copepod reproduced even after all algae were removed from the ciliate treatment during the sec-ond week (Figs. 3 and 4) . In contrast to the ciliate, the HNAN was a poor substitute for phytoplankton in the copepods' diet. A low level of reproduction did occur in the HNAN treatment, but after algae were removed (and the HNAN density remained high), the number of ovigerous females decreased and mortality increased greatly (Fig. 4) . Reproductive trends for Diaptomus in the bacterial treatment also indicated the poor quality of the HNAN as food for the copepod. Algae and HNAN abundances were increased in this treatment on day 6, and the number of gravid and ovigerous females rapidly increased (Fig. 4) . Most of these females had released their eggs by day 11 when the algae, but not the HNAN, were removed from the bacterial treatment. There was an increase in ovigerous females the next day (probably reflecting the earlier abundance of algal food), but afterward, nonviable eggs were observed and reproduction declined (Fig. 4) . Despite abundant heterotrophic flagellates in the bacteria and HNAN treatments, the number of young produced per female was low and no female produced more than one clutch (Table 4) .
It is not clear why the heterotrophic flagellate was a good quality food for Daphnia yet of little utility to Diaptomus. Growth and reproduction of herbivorous zooplankton seem to be more frequently limited by mineral nutrients than by food quantity or energy (Sterner and Hessen 1994) . However, the mineral contents of all the protists (algae and protozoans) in our experiments were similar, and HNAN was somewhat enriched in N and P (Fig. 1) . Prey abundance was generally high in the experimental treatments. Thus, neither low mineral contents nor low prey abundance seem to account for the poor reproduction of Diaptomus fed HNAN. Structural or behavioral aspects of the prey species, such as size, colony formation, mucilaginous cell coats, or presence of spines, can affect food quality by altering ingestibility or digestibility of algae; some bacteria are also resistant to digestion by zooplankton (Porter 1977; King et al. 199 1) . Although analogous parameters may affect capture and assimilation of protozoans by zooplankton, none of these interfering structural or behavioral factors were evident for Paraphysomonas (the HNAN). Furthermore, we ensured that HNAN were ingested and not just macerated by Diaptomus by using a technique of Dolan (199 l) , where HNAN were prelabeled with fluorescent markers, mixed with Cryptomonas, and then offered to the copepods. After a short incubation, copepods were removed and fluorescent markers were observed within their guts-indicating that the HNAN were ingested.
It is possible that Diaptomus began to avoid ingesting HNAN after a long period of acclimation in the reproduction experiments. If the HNAN were distasteful to Diaptomus, the copepod may have avoided ingesting HNAN for part of the experiment, and our calculations of food intake would be overestimates. This could explain the low reproductive response of Diaptomus fed Paraphysomonas. We have no direct evidence that this occurred, but copepods are known to feed selectively and can discriminate between food items based on chemical characteristics (e.g. Butler et al. 1989 ; DeMott and Moxter 1991). Alternatively, it is possible that the protozoans were utilized differently by these two common crustaceans. There is ample evidence that copepods and cladocerans have generally distinct food capture strategies (e.g. DeMott 1988; Lampert and Taylor 1985; Knisely and Geller 1986; Vanderploeg et al. 1988) . There is no previous evidence to suggest that a food that is ingested at high rates by both Daphnia and Diaptomus may be an excellent food for one and nutritionally deficient for the other.
The relative food quality of protozoans and algae is likely to depend partly on the species and their nutrient status. Although our data support the view that mineral content alone is insufficient to predict food quality when different species are compared (DeBiase et al. 1990; Naylor et al. 1992; Miiller-Navarra 1995) , mineral content is clearly an important component of nutritive value (Sterner 1993) . Phytoplankton that have low mineral content can limit zooplankton growth or reproduction (Hessen 1992; Urabe and Watanabe 1992; Sterner 1993) , and at least some algae from nutrient-poor environments are less digestible than those growing with sufficient dissolved nutrients (van Donk and Hessen 1993) . Protozoans are not dependent on dissolved nutrients and may still amass N and P by feeding on algae or bacteria when phytoplankton are nutrient limited. Our experiments were designed to examine whether protozoa were a good substitute to an algal diet for two common crustaceans and do not test whether protozoans are an especially high quality food when algae are nutrient limited. Yet, protozoans seem to have high incorporation efficiency, particularly of P, when feeding on nutrient-limited food, and thus protozoa may have high nutrient contents when algae do not. We suggest that to the degree that nutrient content determines food value, protozoans may be of the greatest relative quality as food sources when phytoplankton are nutrient limited.
The quantities of protozoan prey used in these experiments were high and do not necessarily reflect their natural abundances in most lakes. Our experiments show only the potential of protozoa as food for crustaceans and not the probable contribution of protozoa to zooplankton reproduction in lakes. However, there are occasions when protozoa approach the highest abundances used here. Observations of heterotrophic flagellates exceeding 1 O4 HNAN ml-' are not uncommon in eutrophic lakes, and some ciliates can approach population levels > 1 O5 ml-1 in narrow bands at density discontinuity layers (U. Kils ICES C.M. 1989/L: 15). Further experimentation is required to address how zooplankton utilize protozoa at their typically lower natural abundances and as a substitute or supplement to nutrient-deficient algae. Due to the similarities in size, structure, motility, and taxonomic relatedness of many phytoplankton and protozooplankton, feeding on both autotrophic and heterotrophic microorganisms by crustacean zooplankton should be expected (Sprules and Bowerman 1988; Turner and Roff 1993) . When both heterotrophic and phototrophic microorganisms are considered, omnivory may be the rule rather than the exception for zooplankton and many larval fish (Williamson and Butler 1986; Sanders and Wickham 1993) . The potential of protozoans to enhance the reproductive success of zooplankton emphasizes the importance of investigating the microbial food web as a part of the classical food web rather than considering members of the microbial food web as separate entities.
